In watersheds of the mid-Atlantic region of the US where sulfide spoils occur from mining operations, geochemical reactions develop additional acids in the soil and water supply. The resulting condition lowers ambient pH to very low values (2 to 4 SU). The low pH impairs the soil chemistry and water quality to the extent that native flora and fauna can not survive on the site. This work presents the design and evaluation of remedial work implemented to abate acid mine drainage from a sulfide mine (Valzinco Mine) in the Piedmont Provence of Virginia, USA. Water quality conditions were measured before and after the remediation work, and documented the re-establishment and abundance of native wetland and aquatic vegetation within the site. Data showed that average pH increased from 3.4 to 5.1 and a decrease in total dissolved solids (Fe, Al, Zn, Pb, Cu, Cd, and SO 4 2-) over the study period. Initial wetland vegetation, both planted and volunteer, quickly colonized the site with an average ground cover of >74% after five years. Aquatic vegetation cover averaged >50% after 2 years and many plots had coverage >100%. Composition, species richness, and abundance of the new vegetation communities was similar to that of near-by reference (un-affected by mine activities) wetland (>75%, 6.0 spp. m -2 vs. 5.5 spp. m -2
) over the study period. Initial wetland vegetation, both planted and volunteer, quickly colonized the site with an average ground cover of >74% after five years. Aquatic vegetation cover averaged >50% after 2 years and many plots had coverage >100%. Composition, species richness, and abundance of the new vegetation communities was similar to that of near-by reference (un-affected by mine activities) wetland (>75%, 6.0 spp. m -2 vs. 5.5 spp. m -2
, average cover 74% vs. 67%, respectively). Two amphibians (southern leopard frog, pickerel frog) and two aquatic reptiles (brown water snake and northern water snake) were captured on the site during the fifth year, indicating a return of herpatifauna to the wetland and aquatic communities. We conclude that the increase in pH, decline in total dissolved minerals, success of the revegetation of the site, and return of the reptiles to the site, is a strong indication that the remedial work successfully restored the soil and water chemistry closer to premining conditions. Therefore, we suggest that the successful restoration of this site was based on sound hydrological and biogeochemical principles that can be applied to restoration efforts in other acid damaged watersheds in the mid-Atlantic region. The reader is also directed to another paper in this volume by Seal et al which presents additional material on this project. The geologic setting, mine location, geochemistry and water quality sampling data are published there. The primary causes of AMD in the northwest tributary of Knights Branch are geochemical and microbial reactions occurring throughout the local soils and upper spoils deposited from the operations of a World War II (WWII) lead-zinc mine known as Valzinco (Seal et al, this volume) . Another mine was developed downstream in Knights Branch at the confluence of the western and northwestern headwater tributaries to extract gold. The downstream mine site is older than Valzinco, probably pre-Civil War, and is known as the Mitchell Mine (VLZN-11 in Fig. 1 , Sweet et al, 1989) . The occurrence of a gold mine in a Virginia watershed typically raises the added concern of Hg potentially occurring in watershed sediments as this element was used to combine and capture the Au. The mass of acids developed over the decades has dissolved metals mined at Valzinco (Pb, Zn) as well as metals occurring in the saprolite of the watershed (Al, Fe). The rocks in this region of the Piedmont in Virginia are represented schematically in Fig. 2 . Sulfide zones, as well as other lithologies, occur in relatively narrow widths along a west-to-east transect. Due to the variation in mineralogy, the more general term of saprolite is used to describe the soft, decomposed rock and clays resident over the basement parent rock.
This paper is primarily concerned with design of elements in the watershed, as altered by the abandoned ore processing facilities at Valzinco Mine, in order to: a.) preclude AMD, b.) reestablish the geomorphology and ecology of Knights Branch watershed, and c.) close Valzinco
Mine shafts. Furthermore, the project had to be completed with limited funds which meant that a significant mass of spoils had to be left in place behind the dam constructed for ore processing.
Those spoils reside in riparian lands of the watershed and represented the greatest challenge for this project. The mine was started to supply metals to support the US in WWI; however, ore was not processed within the watershed until mine operations during WWII (Sweet, et al, 1989 ) and a Finally, the background ambient conditions of Virginia Piedmont, acid precipitation and lack of alkaline geologic materials, indicate that any significant additions of acid to the watershed will lower the pH of the waters below acceptable water quality criteria set forth in the Virginia Administrative Code (9 VAC 25-260-50). As mine spoils erode and deposit through the watershed, the development of AMD spreads. Hydrological trends of precipitation, and resulting hydraulic regimes, transport acids from the saprolite of the watershed to the discharge carried by the incised channels. Water quality modeling is beyond the scope of this paper, however, the authors measured higher masses of dissolved metals under transport during times of elevated flows
Methods
Stream flows were measured using stream gaging and computation methods of the US Geological Survey (USGS) as published by Rantz (1982) . The geologic setting, geochemistry and detailed results of decade-long water quality sampling are presented in a companion paper published by Seal et al (this volume) .
A simple ground water model was constructed using stream data collected under drought conditions through the summer of 1999 (Bear, 1979) . Seepage through the dam face and along Upstream water quality was used to evaluate changing environmental conditions before and after reclamation efforts (see Seal et al, this volume) . At Valzinco, wetlands had developed on saturated spoils along Knights Branch and that ecology was expanded to reclaim the riparian lands.
Geomorphic characteristics of the valley and incised channel below the dam were studied and characteristic measurements taken. Sediment transport modeling techniques (Sobeck, 2000) were used to assess how mine spoils were eroding and depositing through the valley. This material was also used to design geomorphic elements of the Valzinco reclamation and return the patterns of erosion and deposition to conditions more representative of weathering saprolite in Piedmont Virginia. A recovery model for sulfate sediments and AMD drainage was used from another tributary in the North Anna River basin (Movall, 1986) to formulate the conceptual design at Valzinco. However, the design at Valzinco included a concept to preclude development of excessive AMD and dissolved masses of metals discharging to the drainage basin.
For post-restoration data, vegetation was sampled along line transects in the three restored cells. Each transect began at a random distance along an established baseline at each cell and ran from south to north. For pre-restoration, 10 random plots were sampled in the existing wetland. A 1m X 1m square quadrat was used on both sample dates: placed at a random point at 10m intervals along transects for post restoration, and random along a baseline in the prerestoration sample. Individual species coverage (including bare ground as a species) and water depth were measured in peak season (mid-August) (Perry and Atkinson, 1996; Perry and Hershner, 1999; DeBerry and Perry, 2004 ) of 2002 , 2005 , and 2007 . Only the data from 2007 will be presented in this manuscript. Relative cover and relative frequency was used to calculate Importance Value (IV) (Perry and Hershner, 1999) . Dominant species identified as those species that had an IV equal to, or greater than, 20%. Data from Beal (1977) was used to determine pH average and pH range of wetland and aquatic species. No pH data was available for upland species. All plants were identified to species level according to Fernald (1950) , Radford et al. (1968) , Gleason and Cronquist (1991) , Weakley (2002) , and the Flora of North America Association (2002). Nomenclature followed the Flora of North America Association as cited in the USDA, NRCS (2005).
Results and Discussion

Pre-reclamation Conditions in Knights Branch
Knights Branch has been monitored for hydrology, water quality, and sediments, from May 1998 to the present, prior to and after phased reclamation construction (Phases I and II).
Monitoring continued after reclamation construction for existing parameters as well as ecological indices pertinent to the expanded wetlands (Seal et al., 2008) . The data developed from the February 2000 sampling event, as excerpted in Table 1 , indicates characteristics of the impaired water quality conditions in Knights Branch as AMD mixed with the receiving waters.
While seasonal variations in the watershed altered the flows and metals concentrations in the receiving waters, the February 2000 data is representative of the ongoing degradation. Again, the metals are dissolved out of the residuals left from ore processing and from naturally occurring saprolite of the Piedmont such as aluminum in clay minerals.
The data was used to calculate mass-flow conditions in Knights Branch for each constituent and relate the impairment to the pH as shown in Fig. 5 . Only the golden club, an aquatic plant that inhabits running water, appeared to occur in a perennial state while the soft rush did not occur in the same spot from year to year. On the northwest edge of the restoration site (see Fig. 6 , left) was a small wetland area dominated by cotton grass (Eriophorum virginicum L.), an acid-loving plant listed as a species of special concern in Virginia (Townsend, 2007) and rice cut grass (Leersia oryzoides (L.) Sw.).
Southern-bog cranberry (Vaccinium oxycoccos L.), also an acid-loving plant listed as a species of special concern in Virginia (Townsend, 2007) . Woody species rarely survived for more than a year on the spoils and were usually represented by only their standing-dead remains (see .
Reclamation Design at Valzinco
The reclamation design for Valzinco Mine incorporated desirable elements of the ambient conditions in the watershed and alter those conditions that were objectionable. As stated previously, this design altered the overall site to preclude AMD from developing.
This was accomplished in saturated riparian lands by shifting the oxidation-reduction potential above and within spoil masses to favor reducing conditions. Buried limestone was sacrificial alkalinity for promotion of vegetation. As reducing conditions develop in anoxic sediments of the wetlands, the biogeochemical cycles yield alkalinity and preclude oxidation of the various metal complexes within the spoils (Herlihy, 1984 , Moval, 1986 . The geomorphic elements of the design control flood waves and promote normal transport of watershed sediments (see Figs. 18 through 20). The two landfills confined spoils to a small "footprint" and have developed vegetation over the soil caps. Phase I was completed during drought conditions and stream flows measured during prereclamation were abnormally low. Phase II was completed after studying the geomorphic characteristics of Knights Branch and measuring the hydrologic conditions under various floods. Figure 19 shows conditions at the close of Phase I construction, the close of the drought and as ground water is accumulating in the three wetlands cells. It was necessary to allow flood conditions to develop over the site to re-establish erosional features after Phase I reclamation activity. This was especially important in the altered riparian lands since cover soil was placed over spoils under saturated conditions and continuous channel flows. 
Post-reclamation Conditions in Knights Branch
Three water quality sampling events were completed in Knights Branch since Phase I reclamation construction (Seal et al, 2008 ). As noted above, mass-flow of dissolved metals was highest when flows in Knights Branch were elevated. To evaluate performance of the reclamation designs, water quality characteristics should be compared under similar hydrologic conditions at the same location. Hydrology and water quality at a remote site such as Valzinco are measured as discrete samples since a flow gage and composite sampler were beyond the financial budget for this project. Water quality characteristics in Knights Branch at Sta. VLZN3
are presented in Table 2 and Table 3 The calculations presented in Table 4 Table 5 ). Where water was greater than 10cm deep, bladderwort coverage often exceeded 100%. Average cover for the cell was 74.7%. The annual weakstalked bulrush (Schoenoplectus purshianus (Fernald) M.T. Strong) was seasonally common with in the cell (IV = 10.6). This was a surprising find as it is usually found in alkaline systems with a mean pH of 7.1 and range of 6.7 to 8.3. Bare ground, treated as a species in our cover data, was also dominant with IV = 29.0. The bulrush and spike rush dominated the vegetation community of Cell 2 (IV = 27.3 and 23.9, respectively) ( Fig. 23 , Table 5 ). There was less standing water on the site compared to Table 5 ).
As with Cell 2, there was less standing water on the site compared to Cell 1. Average cover for the cell was 74.8%. Bare ground was also dominant with IV = 27.3. Again, many of the same shrubs and tree species were volunteering in the cell. Due to recent regarding work on the cell, few of these were greater than a year old. However, those present appeared to be healthy and robust.
A total of 16 species were encountered in our quadrats (Table 6 ). All of these are considered broad ranging species found in habitats with a pH usually ranging between 4 and 8. Two species (Cyperus odoratus L. and S. purshianus) are usually found in more alkaline habitats (i.e. pH >7). Ten plant species were encountered in our quadrats within the near-by undisturbed wetland.
All ten species were also found in the restored cells (Table V2) . Therefore, the two sites were very similar with a Simpson's Index = 76.9% (note: any SI >50% considered similar). Species richness from the Valzinco site was slightly higher a 6.0 spp. m -2 vs. 5.5 spp. m -2 , for the undisturbed wetland. Mean cover of the Valzinco cells was also slightly higher (74% vs. 67%).
Summary
In summary, the vegetation communities of the restored cells were similar to near-by wetlands. Species coverage, composition, and richness were similar to a natural system. The occurrence of numerous woody trees greater than one year old indicates that woody vegetation can now survive on the site.
It is important to note, that although no organized effort was made to gather data on the herpatifauna, several specimen of reptiles and amphibians were captured and/or noted in the cells. These included two southern leopard frogs (Rana sphenocephala), five pickerel frogs (Rana palustris), one brown water snake (Nerodia taxispilota), and three northern water snakes (Nerodia sipidon). All four of these species are usually found in wet and/or aquatic habitats (Martof et al. 1980) . Their presence indicates that the restored site now provides habitat for herpatifauna, a point that needs further study since herpatifauna are renowned for their sensitivity to acidification.
Mine operations resulted in large masses of spoils and spent chemicals deposited in the riparian lands of Knights Branch. This project returned the position of Knights Branch channel to its pre-mine location. It also precludes the development of AMD by inhibiting the mixture of ambient oxygen with spoils. Furthermore, geomorphic principles were used to incorporate mine residual elements and structures, such as the dam used to settle spoil masses, in the design. The design has re-established the biogeochemistry and ecology representative of this part of Virginia Piedmont.
